Abstract: For solitary carnivores a polygynous mating system should lead to predictable patterns in space-use dynamics. Females should be most influenced by resource distribution and abundance, whereas polygynous males should be strongly influenced by female spatial dynamics. We gathered mean annual home-range-size estimates for male and female bobcats (Lynx rufus (Schreber, 1777)) from previous studies to address variation in home-range size for this solitary, polygynous carnivore that ranges over much of North America. Mean annual home ranges for bobcats (171 males, 214 females) from 29 populations covering the entire north to south and east to west range demonstrated female home-range sizes varied more than an order of magnitude and that, on average, males maintained home ranges 1.65 times the size of females. Male home-range sizes scaled isometrically with female home-range sizes indicating that male bobcats increase their home-range size proportional to female home-range size. Using partial correlation analysis we also detected an inverse relationship between environmental productivity, estimated using the normalized difference vegetation index, and homerange size for females but not males. This study provides one of the few empirical assessments of how polygyny influences home-range dynamics for a wide-ranging carnivore.
Introduction
The influence of mating systems on animal space-use dynamics has long been recognized (Emlen and Oring 1977; Clutton-Brock et al. 1982; Ostfeld 1986; Fischer and Petersen 1987; Sandell 1989) . Few empirical studies, however, address whether or not predictions related to mating systems are maintained across the range of an entire species and in the face of dramatic environmental variation. Understanding how mating systems influence carnivore space use is complicated by variation in home-range size exhibited within individual carnivore species (Ferguson et al. 1999; Herfindal et al. 2005 ) and the variety of factors known to influence individual home-range size (see . Yet, the ability to address forces driving intraspecific patterns of space-use dynamics across an entire species range can be realized by accumulating and analyzing studies on home range Herfindal et al. 2005) . Such studies highlight that addressing space-use patterns across a species entire geographic range can lead to a deeper understanding of the reproductive, social, and ecological influences on animal home-range size.
The bobcat (Lynx rufus (Schreber, 1777) ) is a polygynous, solitary carnivore whose mating and social system promote exclusive resource access that, in turn, should lead to predictable patterns about home-range-size variation (Trivers 1972; Harestad and Bunnell 1979; Clutton-Brock et al. 1982; Sandell 1989) . Bobcats maintain their solitary spatial organization through a land-tenure system (Bailey 1974; Benson et al. 2004) in which home ranges are occupied for years at a time by individuals that prevent others of the same sex from occupying the same area until death or vacancy of the original individual occurs (Litvaitis et al. 1987; Anderson 1988; Lovallo and Anderson 1995) . The maintenance of these areas occurs via olfactory signs such as scent-marking from the resident (Anderson 1988) and may serve to exclude competitors with minimal energy expenditure and risk of bodily harm (Lovallo and Anderson 1995) . However, lethal fights between home-range holders and vagrants have been documented (Benson et al. 2004) .
Predictable patterns in home-range size are based upon the different evolutionary strategies of female and male bobcats. Female bobcats typically maintain exclusive home ranges (Bailey 1974; Lembeck and Gould 1979; Miller and Speake 1979 ; but see Kitchings and Story 1984) and core areas (Anderson 1988; Nielsen and Woolf 2001 ; but see Diefenbach et al. 2006) . Females also must rear young with no male assistance and therefore are constrained by abundance and distribution of food resources (Sandell 1989; Conner et al. 2001) . Although recent studies have emphasized the role of density and social organization on bobcat spatial use, food availability and maintenance of exclusive core areas are associated with bobcat reproductive success (Benson et al. 2006; Diefenbach et al. 2006; Janečka et al. 2006) . The high level of dependency on food availability should create an inverse relationship between female homerange size and environmental productivity. One would also expect this relationship to be stronger for female bobcats than for male bobcats, whose home ranges are not influenced by parental investment and thus not tied as strongly to food abundance.
Spatial structuring of male bobcats is probably influenced by food availability (Litvaitis et al. 1987; Sandell 1989) , the distribution of receptive females during the mating season (Anderson 1988; Sandell 1989) , and the distribution of other males (Anderson 1988; Lovallo and Anderson 1995; Benson et al. 2004) . To increase access to females, home-range sizes of males should include as many female home ranges as can be partitioned from other males (Sandell 1989; Kjellander et al. 2004) . If male bobcats alter their space use to reflect the space use of resident females, then one would expect one of three potential scaling relationships between male and female home-range size. (1) The slope of a scaling relationship would be <1 (allometric) because males are no longer able to proportionally increase their home range at larger female home-range sizes. This could be due to increased risks of mortality associated with increased movement through unfamiliar areas (Kamler and Gipson 2000; . (2) Male bobcats may also demonstrate an isometric relationship with female home-range size, where male home-range sizes change proportional to female home-range sizes. (3) Male home-range sizes increase disproportionately to increase in female home-range sizes because, for example, male mating tactics change from territorial to roaming (Sandell 1989; Herfindal et al. 2005) . Using mean annual home-range-size estimates from 29 populations of bobcats collected from across the entire geographic distribution in combination with remotely sensed indices of environmental productivity, we examined the influence of a polygynous mating system and environmental productivity on male and female bobcat home-range sizes.
Materials and methods

Bobcat home-range data
We obtained pairs of male and female home-range estimates from published works, government reports, doctoral dissertations, and master's theses. Home ranges were obtained that measured the area occupied by bobcats for 1 year or enough of a year to include the four calendar seasons. We chose 1 year so that mating season and periods of the year when food limitations were greater would also be included. Because home-range estimators influence homerange-size estimates, we used White and Garrott's (1990) guidelines for inclusion of estimates in our analyses. These guidelines were (i) home-range estimates had to come from free-ranging animals tracked with radiotelemetry, (ii) adult (>1 year) male and female home ranges had to be estimated with the same estimator in the same study location, and (iii) estimates must span the spectrum of home-range sizes displayed by bobcats. Twenty-nine studies met these criteria: 28 in the conterminous United States and 1 in Mexico (Fig. 1) .
Productivity data
Ecosystems with higher net primary productivity (NPP) are able to sustain greater consumption at higher trophic levels than ecosystems with lower NPP. For example, McNaughton et al. (1989) provided evidence that highly productive systems sustain greater herbivory than less productive systems. Thus, one would expect that more productive environments would be able to support larger populations of secondary consumers such as mammalian herbivores, and in turn, their predators (Karanth et al. 2004; Herfindal et al. 2005) . Although we cannot demonstrate that productivity is directly related to prey densities, it is logical that areas with high NPP have high densities of herbivores (e.g., lagomorphs, rodents, and ungulates) that bobcat prey upon (Bailey 1974; Berg 1979; Litvaitis et al. 1984; Dibello et al. 1990 ). In fact, previous studies estimating the effects of prey density on bobcat spatial structure have used vegetation measurements as indices for lagomorph prey abundance (Litvaitis et al. 1986 ). Because of these relationships and a lack of prey-density estimates for each study location, we used satellite-image estimates of productivity to estimate food resources available to bobcats.
The normalized difference vegetation index (NDVI) is created from spectral reflectance measurements and is used to identify healthy, green vegetation. Photosynthesizing vegetation reflects a large proportion of near-infrared light but absorbs most red light. NDVI enhances the differences in absorption to identify photosynthetic activity on the ground. It has been shown to have a positive correlation with aboveground net primary productivity (aNPP) and biomass (Burke et al. 1991; Prince 1991; Paruelo et al. 2000) . It decreases after leaf senescence or before vegetation foliation. In the mid-latitudes, NDVI is driven largely by seasonal climate patterns. It follows, therefore, that NDVI can be used as a direct measure of available plant food for secondary consumers and as an indirect estimate of food availability to tertiary consumers.
The moderate resolution imaging spectrometer (MODIS) collects reflectance data for the entire globe on a daily basis. Cloud-free NDVI composites have been created every 16 days since 2000 and made publicly available to interested researchers (NASA 2007) . For this study, we determined which year of images most closely matched the climate of the year of each bobcat home-range study. The closest matching climatic years were identified based on data from the National Climatic Data Center (available from http:// www.ncdc.noaa.gov/oa/ncdc.html; accessed 1 August 2007). Next, we collected a years worth of NDVI composites for each site's closest matching climate year. These procedures minimize uncertainty in later NDVI -home-range analyses by reducing the influence of climate variability between study sites. We extracted the minimum NDVI and standard deviation of NDVI values within a 9 km buffer from the center of each bobcat study site (excluding Colima, Mexico; Burton et al. 2003) . These values reflect the variability in productivity and food resources. Minimum NDVI seems to track limiting extremes in productivity and climatic conditions (Kogan et al. 2003) . The standard deviation of NDVI indicates seasonal fluctuations in resource availability that requires a bobcat to maintain an annual home range large enough to accommodate variability in prey abundance.
Statistical analyses
We calculated Pearson's correlation coefficients between minimum and standard deviation of NDVI and home-range sizes of males and females. We also calculated partial correlation coefficients between home-range size of a sex and an attribute of NDVI while holding constant the home-range size of the opposite sex (Zar 1999) . Correlations were estimated for variables that were transformed to the natural logarithmic scale to meet the assumption of homoscedasticity (Sokal and Rohlf 1995; Zar 1999) .
To estimate the scaling relationship between female and male home-range sizes, we used bisector regression analysis of natural logarithms of female and male home-range sizes (Isobe et al. 1990) . Bisector regression provides unbiased estimates of coefficients when the predictor (female homerange size) is measured with error (Isobe et al. 1990 ). We constructed 95% confidence intervals of slope and intercept coefficients to assess whether the slope was isometric or allometric and whether the intercept was greater than zero (Sokal and Rohlf 1995) .
Results
Home-range studies
A total of 29 study locations were used, representing 214 Twenty-two studies estimated male and female homerange sizes using 95% minimum convex polygons, four other home-range estimators were used including irregular polygons (n = 2), outer convex polygons (n = 2), modified minimum area method (n = 2), and 95% utilization distribution with a kernel home-range estimator (n = 1). The distribution of female home-range sizes using the 95% minimum convex polygon (minimum = 1.2; Q 1 = 6.1; Q 2 = 11.9; Q 3 = 22.1; maximum = 49) and other home-range estimators (minimum = 1.0; Q 1 = 4.8; Q 2 = 16.4; Q 3 = 19.3; maximum = 49.1) was similar.
Productivity correlations
All studies excluding the site at Colima, Mexico (Burton et al. 2003) , for which NDVI values were unobtainable, were used in productivity analyses totaling 28 studies with 170 males and 213 females. Both male and female bobcat home-range sizes displayed weak, negative correlations with minimum NDVI estimates. However, the correlation for females was the only one that was considered statistically significant, and marginally so (Table 2 ). There were also weak, positive (and marginally significant) correlations between male and female home-range sizes and standard deviation of NDVI (Table 2) . When male and female home-range sizes were correlated to NDVI attributes while holding constant the home-range size of the opposite sex, the correlations were quite different (Table 2 ). For both minimum NDVI and standard deviation of NDVI, there were strong correlations for females (r = 0.90) but not males. Female home-range sizes were positively correlated with minimum NDVI and standard deviation of NDVI.
Scaling relationships
Bisector regression analysis indicated that an isometric relationship (95% confidence interval of slope: 0.87-1.35) exists between male and female bobcats across their entire geographic range and that male home ranges are 1.65 times larger than female home ranges (95% confidence interval of intercept: 1.25-2.05) (Fig. 2) . The regression was male home-range size = 1.654 Â (female home-range size 1.108 ) with a r 2 of 0.81 and a standard error of the slope of 0.117. Thus, >80% of the variation seen in male bobcat homerange size is explained by the variation seen in female home-range size (Fig. 2) .
We examined residuals from the regression to assess effects on the scaling relationship from home-range estimator (95% MCP vs. all others) and sample sizes for estimating mean home-range sizes. No influence from type of homerange estimator was detected (F [1, 27] = 1.01, P = 0.324; Fig. 2 ). We also did not detect influences on the scaling relationship from sample sizes of males (r [27] = -0.16, P = 0.402) or females (r [27] = -0.20, P = 0.292).
Discussion
Bobcat home-range dynamics vary extensively across their geographic range. Factors known to influence homerange size in bobcats include prey abundance (Blankenship 2000) , time-in-residence (Conner et al. 1999) , population density (Griffith and Fendley 1986) , and habitat quality (Rucker et al. 1989) . Despite vast differences in regional home-range sizes of bobcats, our results indicate that bobcats maintain consistent patterns of spatial organization across their entire geographic range. Home-range size of male bobcats increased proportionally with female homerange size (Fig. 2) . This pattern was detected in spite of the dramatic variation in female home-range size (0.989-42.7 km 2 ) and environmental productivity (Fig. 1) . Predictions, however, regarding the influence of environmental productivity on bobcat home-range sizes were not straightforward because of the strong relationship between female and male home-range sizes.
Both female and male bobcats had weak correlations with extremes in environmental productivity estimated from minimum NDVI values. Thus, as extreme lows in environmental productivity are reduced, both female and male bobcats decrease home-range sizes. Females, however, demonstrated a strong positive association between home-range size and minimum NDVI when the influence of male home-range size was held constant. There was virtually no association between male home-range size and minimum NDVI when female home-range size was held constant. These findings support the prediction that female bobcats should be influenced more by food availability than males (Sandell 1989) .
NDVI values probably provide coarse estimates of bobcat prey densities. Across most of their range, bobcats' primary prey consists of lagomorphs (Bailey 1979; Parker and Smith 1983) ; however, regional variations in diet do exist (Jones and Smith 1979; McCord and Cardoza 1982; Dibello et al. 1990 ). Reliance on prey items that often display extreme fluctuations in population density (e.g., lagomorphs and rodents) may limit the ability of NDVI to detect variations in prey density at a continental scale (Ostfeld and Keesing 2000; Bartoń and Zalewski 2007) . A previous study demonstrated a positive correlation between NDVI and rodent density (Yates et al. 2002) . But lags between NDVI and prey populations are likely (Yates et al. 2002) . Nonetheless, NDVI was the chosen surrogate of productivity, and hence, prey density for our analyses because of the lack of information on prey densities throughout the geographic range of the bobcat.
Based on the strong relationship between male and female home-range size, male bobcats appeared to be less restricted by food availability and more so by changes in female home-range size (Sandell 1989) . The lack of correlation between minimum NDVI estimates, standard deviation of NDVI estimates, and male home-range sizes when female home-range size was held constant could be the result of males adjusting their ranges in response to female changes in home-range size. This pattern, in which male bobcats increase home-range size in response to seasonal fluctuations in female home-range size, has been demonstrated in bobcat populations in Georgia, where both males and females maintained larger home ranges during the winter months (Cochrane et al. 2006) . Although male bobcat home-range size could be affected by changes in resource availability (e.g., during winter), the sizes of their home ranges exceed the Note: Numbers correspond to locations in Fig. 1 . *IP, irregular polygon; 95MCP, 95% minimum convex polygon including the following names that all cite Mohr (1947) as the source: minimum area convex polygon, minimum convex polygon, minimum home-range method, convex polygon method, minimum area method, and minimum perimeter polygon method; MMAM, modified minimum area method; 95UD, 95% utilization distribution; OCP, outer convex polygon.
predicted sizes based on metabolic requirements alone (Sandell 1989) . In addition, their already large home ranges allow access to a large base of resources, further supporting the hypothesis that it is variation in female home-range size not prey availability that is influencing male home-range size.
In contrast to minimum NDVI, which is used to track limiting extremes in productivity (Kogan et al. 2003) , the standard deviation of NDVI can be used to assess seasonal fluctuations in resource availability. Female bobcats, but not male bobcats, displayed a significant partial correlation between home-range size and standard deviation of NDVI. Previous studies using remotely sensed estimates of environmental productivity to analyze home-range dynamics for Eurasian lynx (Lynx lynx (L., 1758)) and bobcat found similar patterns Nilsen et al. 2005) . However, both Herfindal et al. (2005) and Nilsen et al. (2005) used FPAR (fraction of photosynthetical absorbed radiation) satellite-image data in contrast to our use of NDVI. Nilsen et al. (2005) reported a positive relationship between seasonality of FPAR and bobcat home-range size and that female home-range size increased more rapidly with FPAR seasonality than male home-range sizes. Herfindal et al. (2005) reported that male lynx home-range size increased more rapidly than female lynx home-range sizes, which was due to increased seasonality and decreased productivity and prey density. Their conclusions were based on FPAR data and measurements of home ranges from 10 study sites across Europe. Herfindal et al. (2005) used this as evidence to support predictions made by Sandell (1989) regarding the adoption of roaming mating tactics in contrast to territoriality in solitary, polygynous carnivores. Contrary to the conclusions of Herfindal et al. (2005) , our analyses indicate that male bobcats probably did not adopt a roaming mating tactic (Fig. 2) . This is based on the assumption that as female home-range size increases, in response to reduced prey density, the density of females within a resident male's home ranges should decrease. Such a decrease in female density should force males to abandon territoriality so that males roam more widely to have access females (Sandell 1989) . If this were occurring among bobcats, we would expect to see an allometric relationship, where at some critical female home-range size males would disproportionally increase their home-range size. The isometric relationship between male and female home-range size does not support this prediction. Recent studies on bobcat home-range dynamics have demonstrated the importance of maintaining exclusive intrasexual home ranges for successful reproduction (Benson et al. 2006; Diefenbach et al. 2006; Janečka et al. 2006 ). Yet, how males and females respond to vacant territories are not the same. Males appear to adjust space use to overlap female distribution particularly during the mating season, whereas females may or may not respond to vacant territories. Evidence from home-range studies, reintroductions, and experimental population reductions suggest that space use in female bobcats is dictated by resources needed to rear offspring and male space use is to access food and females (Benson et al. 2006; Diefenbach et al. 2006; Lynch et al. 2008) .
The prevailing mode of understanding determinants of home-range sizes has been through estimating interspecific scaling relationships (Harestad and Bunnell 1979; Jetz et al. 2004 ). However, the enormous variation of home-range sizes within species suggests that study within species has merit. Existing studies on home-range estimates of bobcats from across their geographic range and the availability of remotely sensed indices of productivity enabled us to test hypotheses regarding male and female space use within a solitary carnivore at a continental scale. We present evidence that male bobcat home-range size is most influenced by female home-range size across their entire geographic range. In contrast, female home-range size appears to be most influenced by food availability. Our study demonstrates how bobcats' polygynous mating system structures home-range patterns for this wide-ranging carnivore. Regardless of local variation in abiotic and biotic conditions, home-range sizes of male bobcats are a constant proportion of female home-range size.
